We study theoretically the asymptotic phase times of phonon packets scattered ofF the singleand double-superlattice structures which act as opaque barriers for phonons analogous to potential barriers for electrons. The analytical expressions for the transmission and refiection times are derived. For the systems consisting of semiconductor superlattices of the size of 1000 A we find that the time advance or delay of the transmitted and re8ected packets range from 10 ps for a single-superlattice structure to 1 ns at resonances for a double-superlattice structure. These efFects should be observable in the phonon generation and detection experiments utilizing a picosecond laser technique.
I. INTRODUCTION
Synthetic semiconductor heterostructures or superlattices are useful not only for the application to electronic devices of nanometer dimensions but also for the design of various phonon optics devices such as the phonon mirror, the phonon reflector, the phonon resonator, and so on. ' Stimulated by the idea for fabricating the latter devices, we have proposed in. previous papers ' systems for phonons based on multiple superlattice structures.
The key idea is to utilize the fact that in periodic superlattices Bragg reflections occur for long wavelength phonons, or the superlattices act as opaque barriers for phonons within the &equency gaps induced by the periodicity much longer than the lattice spacing. If a periodicity of a superlattice is 30 A. or longer, the lowest frequency gap of phonons is produced in the sub-THz range. The wavelength of 1-THz phonons is typically 30 -50 A and their mean free path in pure solids is about 1 mm or longer at low temperatures.
Therefore, these high&equency phonons propagate ballistically through the systems with linear dimensions in the nanometer range.
In the present work, we study the dynamical aspect of phonons propagating in superlattices, which has not been discussed before. On the analogy with electron systems, the ballistic phonons propagating through a superlattice barrier can be regarded as a tunneling if their &equen-cies within a &equency gap are concerned. In the past two decades, extensive studies have been conducted to understand quantum transport properties related to the electron tunneling through the single and multiple potential barriers. Recently, the time for the completion of a tunneling through the single-and double-barrier structures has attracted much attention ' but the situation remains still controversial.
One of the useful concepts related to the tunneling is the asymptotic phase times de6ned by the energy derivatives of the scattering phase shifts. The phase times are believed to be relevant to describe the motion of wave packets narrow in the momentum space. There are sev- eral other times such as dwell time, i.e. , the mean time spent by an incident particle in the barrier region, traversal time, and so on, which are proposed to describe the temporal aspect of the tunneling. However, there exits no direct comparison of these theoretical tunneling times with experiments. This is partly because the characteristic time scale for electrons to tunnel through a potential barrier of 1 nm thickness is typically of the order of femtoseconds, which is shorter than the measurable time by commonly available methods. The tunneling occurs as a result of the wave nature of electrons. Thus, it should also occur for classical waves, such as, light and sound waves, and their quanta, i.e. , photons and phonons.
Recently, we have studied by numerical simulations the time evolutions of phonon packets incident on the single and double-barrier structures for phonons realized by semiconductor superlattices. In the asymptotic regions far &om the barriers both the time delay and advance are observed for the transmitted and reBected packets. To explain these results of the simulations, we develop in the present paper, the analytical calculations for the transmission and reBection times associated with the interaction of phonons with one-dimensional elastic barriers composed of periodic superlattices. The exact and useful approximate expressions for the phase times which well describe the delay times for phonon packets narrow in the wave-vector space are derived. Because phonons travel at sound velocities much slower than the velocities of electrons and also, as described above, their mean &ee path is macroscopic in pure samples at sub-THz &equen-cies, it is expected that the measurement of the time delay or advance of phonon packets scattered ofF the elastic barriers is much easier than the case of electrons.
In Sec. II, we formulate the transmission and re8ec-tion times of phonons propagating through a singlebarrier system. In Sec. III, we examine the phase times of phonons in a symmetric double-barrier structure, in which the resonant transmission occurs. For both systems, numerical examples assuming Gaussian phonon packets and GaAs/A1As superlattice systems are illustrated . Also, the shapes of the transmitted and re8ected packets are studied for the case of a double-barrier structure. In Sec. IV, a summary and conclusions are given. 
2' (2.11) where v = vx is the sound velocity in the detector region (and also in the substrate) and P(k) is the Fourier transform of the phonon displacement describing the initial packet g;(x, t = 0), [(Zx./Z~) Hereafter, we put xo --0. The corresponding ]P(k)]2 is shown in Fig. 2, i.e. , P(k) is finite within the frequency window corresponding to the gap we consider.
Numerically integrating Eqs. (2.11) and (2.14), we have obtained the intensities of the transmitted and reQected wave packets as shown in Fig. 3 . If the superlattice is absent, the reBected packet does not exist and the center of the incident, or transmitted packet is located at z = vt, which corresponds to the origin of this 6gure. The existence of the barrier introduces both the transmitted and refiected packets (moving to the right and left, respectively) as well as their time delay or advance. From this figure, we can measure the spatial delay (advance) of the packets ( 500 A ) equivalent to the corresponding time delay (advance). Thus, we find the time advance for the transmitted wave packet and the time delay for the reflected packet and their magnitudes are about 10 ps. To examine these features in more detail, we have plotted in Fig. 4(a) is the same as the size of each superlattice, i.e. , D' = ND and L = 3ND. Figure 5 shows the frequency dependence of the phonon transmission rate through the assumed structure. We Snd two sharp peaks (at about 293 GHz and 309 GHz) within the lowest-frequency gap of the superlattice. These peaks in transmission stem from the resonances characteristic of the double-superlattice system. The transmission rate around the lowest resonant peak is enlarged in Fig. 6 .
We examine the time evolution of the phonon wave packet whose average wave number in the initial state coincides with the resonant frequency. As in the singlebarrier system, we assume the Gaussian form [Eq. (2.37)] for the incident wave packet. Numerically, 293 .2 GHz, and hv = 5.0 GHz. Figure 6 also shows the corresponding frequency distribution P(k). In this example, the width of the chosen packet in the frequency domain is larger than the intrinsic width of the doublebarrier resonance but both the transmitted and reSected packets are sizable.
The intensities of the transmitted and reSected packets calculated with the exact expressions for the transmission and reSection amplitudes (3.1) and (3.2) are shown in Fig. 7 . It is seen that the asymptotic forms of the transmitted and reSected phonon packets are quite difFerent from that of the incident packet. One of the most noticeable features is that the transmitted packet has a long tail followed by the peak, which decreases exponentially with a time constant~0.69 ns.
The reSected packet exhibits the similar behavior as Fig. 1 directions. Thus the time delay of 1/I' at the resonant frequency is refiected to the slope of the intensities of both the transmitted and reflected packets rather than the positions of their peaks.
The double-peak structure in I"=~Q "~a rises from the fact that the reSection rate has a sharp dip at the resonant frequency. More explicitly, the shape of the refiected packet in the coordinate space should be the initial Gaussian minus the transmitted packet decreasing exponentially with the decay length 1/I'. The spatial decrease of the latter function is much slower than the Gaussian and hence the refiected packet has a zero, giving rise to the double-peak structure for the refiected phonon intensity.
IV. SUMMARY AND CONCLUDING REMARKS
In the present work, we have theoretically studied the asymptotic phase times of the phonon packets propagating through the one-dimensional systems with elastic barriers consisting of semiconductor superlattices. Both the single-and double-barrier structures are considered. The analytical expressions for the transmission and reflection times for the phonon packets in these systems are derived. We have found the time advance for the transmitted wave packet (when the barrier thickness is appropriately large) and the time delay for the refiected packet in the single-barrier system. In the double-barrier system, are find large time delays for both the transmitted and reflected packets mhen the &equency distribution of the initial packet in the I(, ' space involves the resonant frequency. The numerical values of these time delays in the double-barrier structure are found to be 0.1 1 ns for the system of O. l-pm dimension. These magnitudes suggest the possibility for observing of the time delays in the double-barrier structure by a phonon generation and de- 
